Hemolytic-uremic syndrome (HUS) is the most common cause of acute renal failure in children and is characterized by thrombocytopenia and microangiopathic hemolytic anemia (25) . Most HUS cases occur as a complication of intestinal infections with Shiga toxin-producing Escherichia coli (STEC) (12, 13, 24) .
STEC produce two main types of toxins, Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2), which are composed of A and B subunits. The latter mediates the binding to glycolipid receptors (globotriaosylceramide) present on the surface of target cells (19) . After endocytosis, an enzymatically active fragment (9) of the A subunit cleaves the bond connecting adenine to the sugar of 28S rRNA (8) and DNA (3, 4) , thus causing the arrest of protein synthesis (8) and the formation of apurinic sites in the nucleus (4, 20) . The final result of these intracellular injuries is the triggering of apoptosis (4, 17) .
The pathogenetic process of STEC infection initially involves colonization of the gut (19) . STEC serogroups mainly associated with HUS, like E. coli O157 and E. coli O26 (12, 24) , adhere to the intestinal mucosa with a characteristic "attaching-and-effacing" mechanism (18) . Afterwards, they release large amounts of Shiga toxins in the intestinal lumen, which damage villus epithelial cells and are absorbed into the circulation and targeted to the renal endothelium (19) . The presence of free Shiga toxins in the intestinal lumen can be detected by either cell toxicity or immunological assays, and such a detection represents a useful tool for laboratory diagnosis of STEC infections (13, 24) .
Shiga toxins, during their journey from gut to renal endothelium, bind to circulating polymorphonuclear leukocytes (PMN) through a low-affinity unknown receptor (22) . PMN apparently do not internalize Shiga toxins, carrying them to renal endothelial cells that express high-affinity globotriaosylceramide receptors (22) . Shiga toxins bound to circulating PMN can be detected by specific antibodies and flow cytometric techniques (21, 22) . Recently, this finding has been exploited for the diagnosis of STEC infection in HUS patients (21, 23) .
The aim of the present study was to detect the presence and measure the quantity of Shiga toxins over time in both the feces and the PMN of children with HUS in order to evaluate (i) the kinetic of the toxin in the organism during the course of natural disease and (ii) the time periods in which the Shiga toxin-based assays can be used for the diagnosis of STEC infections in HUS patients.
MATERIALS AND METHODS
Patients. Since 1988, the etiology of HUS in Italy is routinely and continuously studied through the cooperation of clinical pediatric nephrology centers and a national reference laboratory (Istituto Superiore di Sanità, Rome, Italy) for the identification of STEC infection. The National Registry of HUS includes all national centers for dialysis for pediatric patients. Participants in the present study were 20 consecutive HUS patients (less than 15 years old) admitted during 2003 and 2004 to three pediatric hospitals (Ospedale Pediatrico Bambino Gesù, Rome; Ospedale Santobono, Naples; and Clinica Pediatrica De Marchi, Milan) participating in the Italian surveillance system of HUS (11, 24) . A case of HUS was defined according to the following diagnostic criteria: acute microangiopathic hemolytic anemia, thrombocytopenia (platelet count, Ͻ100,000 mm 3 ), and acute renal injury (11, 24) . The definition has been in place in the Registry since its start, and it is consistent with the majority of the international HUS studies. Patients were prospectively enrolled in the study after informed consent was obtained. The first feces and blood specimens were collected as soon as possible after admission into the hospital. Further samples were collected when possible during the subsequent days. Feces and sera were stored at Ϫ20°C. Whole-blood samples for detection of Shiga toxins on PMN cells were stored at room temperature after treatment with EDTA and processed within 24 h of sampling.
Detection of free Shiga toxins in feces. Stool specimens were examined for the presence of free Shiga toxins by the Vero cell cytotoxicity assay as described previously (5, 6) . Briefly, feces were diluted 1:10 in phosphate-buffered saline, and fecal extracts were obtained by centrifugation and filtration of the supernatant through 0.45-m membrane filters. Doubling dilutions of the filtrates were inoculated into Vero cell monolayers (0.02 ml into 0.2 ml of cell culture medium), and the titer of the cytotoxic activity was expressed as the reciprocal of the highest dilution inducing a cytopathic effect after 3 days of incubation. Shiga toxins were identified by neutralization tests done by adding an equal volume of rabbit antiserum to Stx1 and Stx2, separately or together, to the positive fecal extract (6) .
Detection of Shiga toxins bound to PMN. Shiga toxins bound to PMN were detected by flow cytometry as previously described (21) . The assay has been validated by comparing control subjects and HUS patients in a blinded fashion (21) . The problem of false-positive results due to binding of anti-Stx antibodies to neutrophil Fc receptors was addressed by including human serum in the assay (21) . Briefly, white blood cells isolated after erythrocytic lysis from 100 l of blood were incubated with anti-Stx mouse monoclonal antibodies in the presence of human serum. After incubation with fluorescein isothiocyanate-goat antimouse immunoglobulin G, flow cytometric analysis was utilized to reveal the cell-bound fluorescence. The flow cytometer was set to acquire and gate events by forward scatter versus 90°side scatter and by green fluorescence versus 90°s ide scatter. This set resulted in a prompt analysis of both morphology and fluorescence, allowing a clear evaluation of control and positive samples. The mean channel value (MCV) of fluorescence of the PMN population was chosen as an objective parameter to measure the extent of binding of Shiga toxins to PMN (21) . The cutoff MCV was 0.3, and values between 0.3 and 0.6 were considered borderline (21) . Two PMN-positive patients were randomly selected, and their leukocytes were assayed as described above with a negative control monoclonal antibody against CD3, an antigen absent on the PMN membrane. The results of the assay were negative, thus excluding the possibility of nonspecific binding.
Other laboratory investigations for diagnosis of STEC infection. For STEC isolation, feces were streaked onto MacConkey agar plates, and colony sweeps were tested for Shiga toxin production by the Vero cell assay and for the presence of stx genes by PCR amplification (24) . Serum samples were tested for antibodies to the lipopolysaccharide (LPS) of five major STEC serogroups (O157, O26, O103, O111, and O145) by enzyme-linked immunosorbent assay and immunoblotting, as previously described (6, 7).
Data analysis. Personal, clinical, and laboratory data were stored and analyzed with Microsoft Excel.
RESULTS
Patients and sampling. Twenty consecutive HUS patients were enrolled in the study. Their median age was 26 months (range, 6 to 93), and 15 of them were males. Seventeen cases had prodromal diarrhea, which had a median duration of 3 days (range, 1 to 18) and was bloody in 12 cases. A total of 63 stool specimens were collected from the 20 patients (range per patient, 1 to 7). In the patients with prodromal diarrhea, the median interval between onset of diarrhea and collection of the first specimen was 9 days (range, 6 to 19). In the three patients without diarrhea, the specimens were collected 4 days (range, 4 to 6) after hospitalization. A total of 50 blood specimens were collected from the 20 patients (range per patient, 1 to 5) for PMN analysis. In the patients with prodromal diarrhea, the median interval between the onset of diarrhea and collection of the first specimen was 10 days (range, 5 to 21). In the three patients without diarrhea, the specimens were collected 5 days (range, 3 to 7) after hospitalization. Twentythree serum specimens were collected from 18 patients (range per patient, 1 to 3). In the patients with prodromal diarrhea, the median interval between the onset of diarrhea and collection of the first specimen was 9 days (range, 6 to 29).
Evidence of STEC infections. Of the 20 patients enrolled, 18 underwent the complete diagnostic panel for STEC infection, while two of them were not examined for LPS antibodies. The results of the different assays are reported in Table 1 according to the presence of prodromal diarrhea. Evidence of STEC infection was observed in 18 cases (90%) ( Table 1 ). In particular, STEC strains were isolated from three patients (15%); the strains belonged to serogroups O26, O121, and O157, respectively, and all possessed stx2 genes. Free Shiga toxins were detected in the feces of six patients (30%), including the three positive for STEC: four patients had Stx2, one had Stx1, and one had both toxins. There was concordance between the genotype of the infecting STEC strains (stx2) and the toxin detected in the stools (Stx2). LPS antibodies were detected in the sera of 9 of the 18 patients examined (50%). Antibodies to O26 were detected in six cases, antibodies to O157 were detected in two cases, and antibodies to O103 were detected in one case. The patient with STEC O157 in the stool had antibodies to the O157 LPS, while the patient with STEC O26 had no LPS antibodies.
Flow cytometric analysis showed the presence of Shiga toxins on the circulating PMN from 13 of the 20 HUS cases (65%). Eight patients also had serological or microbiological evidence of STEC infection, but Shiga toxin was detected in the PMN of five patients who had no other evidence of STEC infection. Conversely, PMN were found to be negative in four patients with LPS antibodies and in one patient positive for STEC O157, fecal Shiga toxins, and O157 antibodies.
Presence of Shiga toxins in feces and blood. Figure 1 shows the amounts of Shiga toxins detected in PMN and stools from the 14 patients who were positive in at least one of the two assays. The data plotted for each case refer to the PMN and stool samples that showed the highest Shiga toxin concentration. The highest MCV observed for some samples were similar to the maximum Stx-binding capacity of PMN from healthy donors (MCV, ϳ3), as previously determined in vitro by the same cytofluorimetric assay (21) . Therefore, an MCV of less than 1 corresponded to a mean saturation of PMN receptors lower than 30% and was usually observed in patients with 
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Shiga toxin-negative stool samples, with the exception of one patient, who had a high Shiga toxin titer in the feces. In all cases but one, MCV values higher than 1 corresponded to detectable levels of Shiga toxin in the feces. The time courses of Shiga toxin detection in feces and blood PMN from nine patients are compared in Fig. 2 . The patients chosen to settle the synoptic panel were the most informative with regard to the number of diagnostic determinations performed. In patients 1 to 5, both of the Shiga toxin assays were positive for the first samples, and then the curve of intestinal detection showed a rapid fall, whereas a progressive slow decrease was observed in the curve of PMN detection. Subsequently, Shiga toxins were no longer detectable in the gut, although they were still present on PMN. The data from patients 6 to 9 confirmed this behavior, since they had negative stools but detectable amounts of PMN-bound Shiga toxins. In these nine patients, the time of Shiga toxin persistence on PMN with concomitant Shiga toxin-negative stools was calculated from the first positive determination to the last positive assay and gave a median value of 5 days (range, 3 to 9). The blood half-life of Shiga toxins calculated on the same patients was 4 days (median; range, 1 to 6).
The cytogram profiles of different determinations performed on the PMN from a representative patient (Fig. 2, patient 4) are depicted in Fig. 3 . The analysis showed a single Shiga toxin-positive PMN population that progressively reduced its MCV, reaching the basal fluorescence value of control samples after several days.
DISCUSSION
The study of this group of HUS patients indicates that the Shiga toxins bound to circulating PMN are still detectable several days after the onset of prodromal diarrhea or even the diagnosis of HUS, thus confirming the data obtained previously by te Loo et al. (23) .
In general, a positive relationship was observed between the Shiga toxin MCV on PMN and the amount of toxin detected in the stools, with the exception of one patient, who had a high titer of fecal Shiga toxin but a negative PMN. Accordingly, the lowest values of MCV (less than 1) were observed in the six PMN-positive patients with negative stools. These results suggest that the amount of Shiga toxin translocated through the The results showed that the half-life of Shiga toxins in blood was around 4 days and that the toxins were still detectable in the PMN for a median period of 5 days after they were no longer detectable in stools.
The persistence of PMN-bound Shiga toxins in blood when the toxins are no longer detectable in feces is somehow surprising if the known properties of circulating neutrophils are considered. The mature PMN of the blood is a highly specialized nondividing cell with a short (1 or 2 days) life span (2) . A very large number of PMN (10 11 cells) leave the blood each day, replaced by the new mature cells that enter in the blood from the bone marrow, and the blood half-life of PMN is considered to be about 6 to 7 h (1). On this basis, the Shiga toxin-positive PMN that leave the blood and/or deliver Shiga toxins to endothelium should be replaced by new Shiga toxinpositive cells only until fresh toxin is produced in the gut and crosses the gut mucosa. Therefore, when the toxin is no longer present in the stools, one would expect that the Shiga toxinpositive PMN must disappear from the blood within the following 24 h.
On the contrary, our study consistently showed that Shiga toxins can be found in circulating PMN several days after the observation of the last positive stool sample. This finding does not seem related to differences in sensitivity between the Vero cytotoxicity assay and the flow cytometric analysis, respectively employed to reveal the presence of Shiga toxins in feces and in blood, with the limit of detection of the first assay (about 10 fmol) (16) being lower than that of the latter (about 25 fmol) (21) .
The persistence of Shiga toxin-positive PMN could be explained by two different and partially concurrent hypotheses: (i) Shiga toxins on the PMN membrane might constitute a pool of molecules that pass rapidly between different PMN cells with a transfer of the toxin from older PMN to new mature neutrophils entering circulation from bone marrow, and (ii) Shiga toxins might induce a profound modification of the biology of PMN by inducing a prolongation of the blood half-life and of the functional life span of these cells.
The hypothesis of a transfer of Shiga toxins from older PMN to new mature cells is supported by the cytogram profiles observed in our study and shown in Fig. 3 , in which the simultaneous presence of two peaks of fluorescence corresponding to Shiga toxin-positive and Shiga toxin-negative PMN was not observed.
The second hypothesis is in part sustained by data reported previously by Liu and colleagues (14, 15) , which demonstrated an inhibitory effect of Stx2 on neutrophil apoptosis in vitro after 48 h. However, to our knowledge, studies on the effect of Shiga toxins on the spontaneous apoptosis of PMN at 5 days as well as investigations on the effect of Shiga toxins on PMN blood half-life are not available. Further studies on in vitro models are obviously needed to clarify this matter.
Although the present study was focused on HUS patients already suffering from endothelial renal damage, the mechanisms proposed to explain the behavior of PMN carrying Shiga toxins might also be operative in the early phase of the pathogenesis that precedes renal damage. It should be noted that the extension of PMN life span and blood half-life could contribute to the high level of neutrophilia often observed in HUS patients at presentation (26) .
This study also confirms that the immunodetection of the Shiga toxins bound to circulating PMN has to be considered as a valuable tool for laboratory diagnosis of STEC infection in HUS patients. STEC infection was indeed detected by this method in 13 out of 20 patients examined, including 5 who were negative for the presence of antibodies to the LPS of major STEC serogroups and/or STEC and Shiga toxins in the stools. On the contrary, the PMN assay was negative in five patients with serologic and/or microbiologic evidence of STEC infection. The longer persistence of Shiga toxins in blood represents the major advantage of this method with respect to the detection of STEC/Shiga toxin in the stool. Conversely, the main drawbacks are that (i) it does not provide information on the serogroup of the infecting STEC strains, which is of great epidemiologic importance, and (ii) it is more difficult to perform with respect to commercially available immunoassays for the detection of Shiga toxins in the stool (10) .
In conclusion, this study (i) indicates that Shiga toxins bound to circulating PMN of HUS patients are still detectable several days after the onset of prodromal diarrhea or even the diagnosis of the syndrome, (ii) confirms that their immunodetection is a valuable tool for laboratory diagnosis of STEC infection in HUS patients, and (iii) provides clues for further studies on the role of PMN in the pathogenesis of HUS.
